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THEORETICAL INVESTIGATION OF THE SLIDEOUT DYNAMICS OF A VEHICLF: 

EQUIPPED W I T H  A TFiICYCLE SKID-TYPE LANDING-GEAR SYSTEM 

By Richard B. No11 and Robert L. Halasey 

SUMMARY 

A theo re t i ca l  analysis  i s  presented f o r  t he  s l ideout  dynamics of a vehicle 
equipped with a t r i c y c l e  skid-type landing-gear system. These equations a re  
reduced t o  three degrees of freedom, and the r e s u l t s  of numerical calculat ions 
a re  compared t o  f l i g h t - t e s t  data obtained from the X-13 research vehicle.  A 
comparison of these r e s u l t s  shows t h a t  the  three-degree-of-freedom equations can 
be used t o  adequately pred ic t  t he  s l ideout  distance,  the d i rec t ion  of l a t e r a l  
displacement, and the approximate lateral  displacement. A numerical study shows 
t h a t  the ve loc i ty  at  which the  aerodynamic influence on the vehicle becomes neg- 
l i g i b l e  can be predicted by the  three-degree-of-freedom equations. 

INTRODUCTION 

The successful recovery of a space vehicle i s  completed by a landing which 
assures the  safe ty  of the  personnel and equipment onboard the vehicle.  
t i o n  t o  absorbing the  impact loads, the landing system of the  space vehicle 
which performs a horizontal  landing must provide s t ab i l i t y  and con t ro l l ab i l i t y  
during the  subsequent runout. These charac te r i s t ics ,  which a re  obtained on most 
conventional a i r c r a f t  by a landing-gear system u t i l i z i n g  a three-point arrange- 
ment and equipped with brakes and s teerab le  wheels, have been extensively t r ea t ed  
by many inves t iga tors  ( r e f s .  1 t o  4, f o r  example). The inherent s t a b i l i t y  of t h e  
t r i cyc le  landing-gear system and the extensive experience gained from use on 
conventional a i r c r a f t  make t h i s  type of system a t t r a c t i v e  f o r  space vehicles.  

In  addi- 

A t r i c y c l e  system consis t ing of two main gear equipped with skids, placed 
symmetrically t o  the  rear of the  vehicle, and a nose gear, equipped with e i t h e r  
a skid or  a wheel, located on the forward section w a s  studied i n  references 5 
t o  9 f o r  use on space vehicles.  Landing impact has been investigated both ana- 
l y t i c a l l y  ( r e f .  7) and experimentally ( r e f s .  5 ,  6, 8, and 9 ) .  
r e s u l t s  obtained from f l i g h t  and model t e s t s  ( r e f s .  8 and 9) ver i fy  the  d i rec-  
t i o n a l  s t a b i l i t y  of the skid-type t r i cyc le  system during s l ideout ;  however, these 
r e s u l t s  pe r t a in  t o  a par t icu lar  vehicle and landing-gear configuration and cannot 
be applied d i r e c t l y  t o  the  design of other space vehicles.  
tes ts  did not evaluate con t ro l l ab i l i t y  during the s l ideout .  

Slideout (runout) 

In addition, these 



In  order t o  provide a method for  evaluating the sl ideout charac te r i s t ics  as 
well as the con t ro l l ab i l i t y  of future  vehicles, t h i s  paper presents a comprehen- 
s ive theo re t i ca l  investigation of the  sl ideout dynamics of a vehicle equipped 
with a skid-type t r i cyc le  landing-gear system. Results of numerical calculat ions 
obtained on a d i g i t a l  computer are  compared with f l i g h t - t e s t  r e s u l t s  i n  order t o  
assess the va l id i ty  of the theore t ica l  investigation. 
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SYMBOLS AND COEFFICIENTS 

wing span, f t  

drag coeff ic ient ,  - Drag 
@ 

r a t e  of change of drag coeff ic ient  with hor izonta l - ta i l  deflection, 

r radian W p e  
Lift l i f t  coeff ic ient ,  - 
qs 

r a t e  of change of l i f t  coeff ic ient  with hor izonta l - ta i l  deflection, 
ac, 
a% -, per radian 

Rolling moment rolling-moment coeff ic ient ,  
CFb 

damping-in-roll derivative,  

r a t e  of change of rolling-moment coeff ic ient  with yawing angular- 

3% veloci ty  factor ,  -, per radian r b  
2v a- 

8% 
effec t ive  dihedral derivative,  -, per radian 

aB 

r a t e  of change of rolling-moment coeff ic ient  with r a t e  of change of 

angle-of-sideslip factor ,  

I 2 



rate of change of rolling-moment coefficient with respect to aileron 
ac2 

deflection, -, per radian 
36, 

rate of change of rolling-moment coefficient with respect to vertical- 

acz 
3% 

tail deflection, -, per radian 

Pitching moment pitching-moment coefficient, 
QSE 

pitching-moment coefficient at zero angle of attack 

longitudinal-stability derivative, -, per radian 3% 
aa 

rate of change of pitching-moment coefficient with rate of change of 
ac, angle-of-attack factor, -, per radian 
~ &E 

rate of change of pitching-moment coefficient with angle of sideslip, 
acm -, per radian 
aB 

rate of change of pitching-moment coefficient with pitching angular- 

acm 

a,, 
velocity factor, -, per radian 

qc' 

rate of change of pitching-moment coefficient with respect to 

horizontal-tail deflection, -, per radian 
ash 

Yawing moment yawing-moment coefficient, 
4% 

rate of change of yawing-moment coefficient with rolling angular- 
3% velocity factor, -, per radian 

G 
damping-in-yaw derivative, 
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acn 

aB 
d i rec t iona l - s t ab i l i t y  der ivat ive,  -, per radian 

rate of change of yawing-moment coef f ic ien t  with rate of change of 

angle-of-sideslip fac tor ,  

r a t e  of change of yawing-moment coef f ic ien t  with respect  t o  a i le ron  

a cn def lect ion,  -, per r a d i a n  
aga 

rate of change of yawing-moment coef f ic ien t  with respect t o  ve r t i ca l .  

acn 

as, 
t a i l  def lect ion,  -, per radian 

Side force 
cis 

side-force coeff ic ient ,  

r a t e  of change of side-force coef f ic ien t  with r o l l i n g  angular- 

ve loc i ty  fac tor ,  

rate of change of side-force coef f ic ien t  w i t h  yawing angular-velociv 
ack 

acY 
aB 

side-force der ivat ive,  -, per radian 

rate of change of side-force coef f ic ien t  with rate of change of angl 

of -s ides l ip  factor ,  

rate of change of side-force coef f ic ien t  with respect  t o  a i l e ron  
ac, - A  

deflect ion,  as, per radian 
a 

rate of change of side-force coef f ic ien t  with respect  t o  ve r t i ca l -  

t a i l  deflection, %, per radian 
3% 



c‘ mean aerodynamic chord, f t  

d distance between center of gravity and main gear point of attach- 
ment measured i n  y-z plane p a r a l l e l  t o  z-axis, f t  

dl,d2,dN distance between center of gravity and l e f t  main skid, r i g h t  main 
skid, and nose skid, respectively, measured i n  y-z plane p a r a l l e l  
t o  z-axis,  f t  

Fh f r i c t i o n  force on the landing gear, measured i n  the ground plane, l b  

%l,%2,FhN f r i c t i o n  forces  on the l e f t  main skid, r i gh t  main skid, and nose 
skid, respectively, measured i n  the ground plane, l b  

FV landing-gear react ion normal t o  the ground plane, l b  

Fvl,Fv2,FvN react ions of the l e f t  main gear, r i g h t  main gear, and nose gear, 
respectively,  normal t o  the ground plane, l b  

Fx,Fy,Fz 

h b h 2  

force measured pa ra l l e l  t o  x-, y-, and z-axes, respectively,  l b  

distance between point of attachment and l e f t  main skid and r igh t  
main skid, respectively, measured i n  the y-z plane p a r a l l e l  t o  
the zo-axis, f t  

h i ,  h; distance between point of attachment and l e f t  main skid and r igh t  
main skid, respectively, measured i n  the yo-zo plane p a r a l l e l  t o  
the zo-axis, f t  

Ix,Iy,Iz moments of i n e r t i a  referred t o  the x-, y-, and z-axes, respectively,  
slug-f t 2  

I X Z  product of i n e r t i a  referred t o  the x- and z-axes, slug-ft2 

distance between center of gravi ty  and main gear point of attachment 
measured i n  x-z plane p a r a l l e l  t o  the x-axis, f t  

LHM 

2” distance between center of gravi ty  and nose gear point of attachment 
measured i n  x-z plane p a r a l l e l  t o  the x-axis, f t  

21> 22> zN distance between center of gravi ty  and l e f t  main skid, r i gh t  main 
skid, and nose skid, respectively, measured i n  x-z plane p a r a l l e l  
t o  the x-axis, f t  

%,My>% moments about the x-, y-, and z-axes, respectively,  f t - l b  

m vehicle mass, slugs 

p,qJr ro l l ing ,  pitching, and yawing angular ve loc i t ies ,  respectively, 
measured about the x-, y-, and z-axes, radian/sec 
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H 

S 

uw, vw, ww 

uwo’vwo 

ut ,v‘ , w’ 

VG 

VW 

1 2  PV , lb/sq f t  dynamic pressure, 

wing area, sq f t  

distance between center of gravi ty  and l e f t  main gear and r i g h t  
main gear point of attachment, respectively, measured i n  the 
x-z plane pa ra l l e l  t o  the y-axis, f t  

distance between center of gravity and l e f t  main skid and r igh t  
main skid, respectively, measured i n  the x-z plane pa ra l l e l  t o  
the y-axis, f t  

time, sec 

t rans la t iona l  components of r e l a t ive  velocity vector pa ra l l e l  t o  
x-, y-, and z-axes, respectively, f t / sec  

components of wind velocity p a r a l l e l  t o  x-, y-, and z-axes, 
r e  spec t ively, f t /sec 

components of wind velocity r e l a t ive  t o  X- and Y-axes, 
respectively,  f t / s ec  

components of center-of-gravity t rans la t iona l  velocity pa ra l l e l  t o  
the x-, y-, and z-axes, respectively, f t / sec  

magnitude of vehicle r e l a t ive  velocity,  f t / sec  

vehicle r e l a t ive  -velocity vector, f t / sec  

veloci ty  vector of vehicle center of gravity r e l a t ive  t o  the ground, 
f t / s ec  

magnitude of re la t ive-veloci ty  vector measured i n  the ground plane, 
f t / s ec  

magnitude of wind velocity, f t / sec  

veloci ty  vector of wind r e l a t ive  t o  the ground, f t / sec  

components of center-of-gravity velocity, r e l a t ive  t o  x-, y-, and 
z-axes, respectively, f t / sec  

components of center-of-gravity veloci ty  p a r a l l e l  t o  the xo- 
and yo-axes, respectively, f t / s ec  

vehicle weight, l b  

f ixed-earth car te  sian coordinate system 

Cartesian coordinates of body axis system 



P 

*,e,(P 

*W 

Sub s c r i p t  s : 

i 

n, n-1, n+l 

aero 

gear 

touchdown 

Cartesian coordinates obtained by ro ta t ing  X-, Y-, and Z-system 
through N e r  angle 
axes, f t  

3; distances measured p a r a l l e l  t o  these 

angle of attack, radians 

angle of s idesl ip ,  radians 

angle measured between Vc and xo-axis, radians 

angle defined by equation (11) , radians 

a i le ron  deflection, radians 

horizontal-  t a i l  ( elevator) def lec t  ion, radians 

v e r t i c a l - t a i l  (rudder) deflection, radians 

change i n  v e r t i c a l  height of l e f t  and r igh t  main gear, 
respectively,  f t  

length of time increment, sec 

angle between the xo-axis and the f r i c t i o n  force on the l e f t  main 
skid, r i gh t  main skid, and nose skid, respectively, radians 

coeff ic ient  of f r i c t i o n  f o r  a skid 

coeff ic ient  of f r i c t i o n  f o r  the main skids and nose skid, 
re spec t ive ly  

density of air, slugs/cu f t  

Euler yaw, pitch, and r o l l  angle, respectively, radians 

angle between wind veloci ty  vector and X - a x i s ,  radians 

r e f e r s  t o  bcdy posit ion or  skid being considered 

time in t e rva l  being considered i n  numerical integration, n=O, 1, 
2, 3 . . .  

aerodynamic inputs only 

landing gear only 

quantity measured a t  touchdown 

A dot above a quantity denotes the first derivative with respect t o  t i m e .  
double dot above a quant i ty  denotes the second der ivat ive with respect t o  time. 

A 
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ANALYSIS 

Slideout Equations f o r  a Vehicle With 
Three Skid-Type Landing Gear 

The equations of motion a r e  presented f o r  the sl ideout of a vehicle with a 
t r i c y c l e  landing-gear system equipped with skids. 
a x i s  coordinate system, and direct ions of f r i c t i o n  forces and gear react ions used 
i n  t h i s  analysis  a r e  shown i n  f igure 1. The x-, y-, and z-body axes, originating 

The vehicle geometry, body- 

I (a) Top view - ground plane. 

I 

= 2 0  

(b) Side view - 8 plane. 

(c) Rear view - cp plane. 

Figure I .  - Vehicle geometry and gear loadings. 

a 



a t  the  center  of gravity,  are 
chosen so t h a t  t he  x-z plane i s  
the  vehicle plane of symmetry. 
The f r i c t i o n  force Fh l i e s  i n  
the  ground plane and the  gear 
react ion Fv i s  normal t o  t h i s  
plane. 

The transformation from a 
fixed-earth system of coordinate 
axes X, Y, and Z t o  the  body 
axes x, y, and z i s  i l l u s -  
t r a t e d  i n  f igure  2. A ro t a t ion  
about the  Z - a x i s  through the  
Euler yaw angle 3 results i n  
the  coordinate system xo, yo, 
zo. The x, y, z system i s  
obtained by ro t a t ing  the  xo, 
yo, zo system, first through 
the  E u l e r  p i t ch  angle 8, and 
then through the  roll angle cp. 
Thus, t he  ground-plane components 
of the  x-, y-, z-axes l i e  i n  the  
xo, yo, zo system. The t rans-  

X 

Figure 2 . -  Orientation of body axes with respect to 
earth axes. 

formation i s  dependent upon the  order of ro t a t ion  which, f o r  t h i s  analysis,  i s  
3, 8, and cp. 

Referring t o  f igu res  1 and 2, and resolving f r i c t i o n  forces  and gear reac- 
t i ons  i n t o  components p a r a l l e l  t o  t he  body axes, t he  following equations, re -  
fe r red  t o  t h e  body axes, are obtained f o r  t he  contribution of t h e  landing-gear 
forces  t o  the  t o t a l  forces  and moments on the  vehicle: 

= -Fhl( sin e cos cp cos hl - sin cp sin hl) - Fh2(sin 0 cos cp cos A2 - sin cp sin A 2  =zgeas 

sin e cos cp cos xN - sin cp sin LN) - ( F , ~  + F~~ + F,~)COS e cos cp ( I C )  

9 



= Fhl[(SA1 cos cp + dl sin cp sin 8 cos hl - SA sin cp - d l  cos cp sin ) ( 1  1 1  
) I  (SA2 sin cp + dg cos cp sin - Fh2[k% cos cp - d2 sin cp sin 8 cos % - ) 

+ FhNdN(cos cp sin + sin 8 sin cp cos AN 

- F ~ ~ @ A ~  cos cp - dg sin cp ) cos 0 + FvNdrJ cos 8 sin cp 

+ F~~ sA1 cos cp + dl sin cp cos 8 ) (  ) 
( Id) 

= %ill sin cp sin hl - 2 1  sin 8 cos cp + d l  cos 8 

+ Fh2[i2 sin cp sin x2 - l 2  sin 8 cos cp + d2 cos 

‘Mygea,  

sin cp sin ?,N - lN sin 8 COS cp - dN COS 8 

+ Fvl dl sin 0 - l1 cos 8 cos cp + FV2 d:, sin 8 - l2 cos 8 cos cp 

+ FvN(dN Sin 8 + C O S  8 C O S  Cp 

1 + F ~ ~ ( s A ~  sin 8 + l1 cos 6 sin cp ) - sin 0 - x g  cos 0 sin cp 

(If> - F 2 cos 8 sin cp vN N 

A rodynamic forces  and moments, re fe r red  t o  body axes, a re  of t he  form 
normally used i n  a i rplane s t a b i l i t y  analysis  ( r e f .  10) and are  wr i t ten  as: 

= 4s cL s i n  e - cD cos e) ( 2 4  
*xaer o ( 

10 



The t o t a l  forces  and moments on the vehicle during s l ideout  a re  obtained by 
adding i n e r t i a  and weight contributions t o  the  sums of equations (1) and (2) .  
Thus, the  equilibrium equations re fer red  t o  the vehicle body axes are:  

IFx = - m ( f i  + qw - rv) + qS CL sin 0 - Q cos 0) + (Fvl + Fv2 + FvN)sin 0 

+ %, cos h;! + %N cos AN cos 8 - W sin 0 = 0 

) - %2(cos cp sin h2 + sin e sin cp cos + ) - b N ( c o s  cp sin hN + sin e sin cp cos AN 

+ W cos 8 sin cp = 0 (3b) 

m, = -m(+ + pv - qu) - qs(% cos e + c, sin e) - Pv1 + F~~ + F ~ ~ ) C O S  e COS cp 

- F sin 0 cos cp cos Al - sin cp sin A 1) - Fh2(sin e cos cp cos % - sin cp sin m( 
- %&in 0 cos cp cos AN - sin cp sin + w cos 0 cos cp = o 

11 



b + C2,r + C2*6)]+ B Fvl(SA1 cos cp + dl s in  

- F ~ ~ ( s +  cos cp - d2 s in  cos e + FvNdN cos 0 s i n  cp 

+ Fhl[(sA1 cos cp + dl s in  cp s i n  e cos Al - 

cos cp - d2 s in  cp s in  8 cos h2 - (S% s in  cp + 

+ Fh ,(,os cp s i n  AN + s i n  e s i n  cp cos xN) = o 
N 

+ Fl[zl s i n  cp s i n  hl - (zl s in  e cos cp + dl cos e)cos 

- (22  s i n  0 cos cp + d2 cos 6)cos 

- FnN[xN s i n  cp s i n  AN - ( 2 N  s in  0 cos cp - dN cos e)cos 

2 2  s i n  cp s in  
+ F%! [ 

+ =(~+r b 
+ C, p + c o b ) ]  + F ~ ~ ( s A ~  s i n  0 + l1 cos e s in  cp 

P n B  

- F ~ ~ ( S +  s i n  e - z 2  cos 0 s in  cp ) - F v N N  2 cos e s i n  cp 

+ fil[ll cos cp s i n  Al + z1 s i n  0 s in  cp, - SA1 cos e 

+ Fh2[z2 cos cp s in  A2 + 22 s in  e s in  cp + s+ cos e 

cp s i n  xN + s i n  e s i n  cp cos A ~ )  = o 
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The skid f r i c t i o n  force i s  proportional t o  the gear react ion normal t o  the 
ground and i s  expressed as: 

For most appl icat ions the coef f ic ien t  of f r i c t i o n  p i s  considered t o  be 
constant; however, it may vary with veloci ty  and temperature as shown i n  refer- 
ences 7 and 11. Since the  main skids on a reentry vehicle a re  expected t o  be 
constructed of the  same material ,  the  coef f ic ien ts  of f r i c t i o n  f o r  these skids 
a re  considered t o  be ident ica l .  The nose-gear skid may be made of a mater ia l  
with a coef f ic ien t  of f r i c t i o n  d i f f e ren t  from t h a t  f o r  the main skids. 
f r i c t i o n  forces,  i n  the  form of equation (4), may be wri t ten as: 

Thus, the 

The dynamics of transformations between earth-fixed and body coordinates 
y i e ld  the following equations r e l a t ing  body and Euler ro t a t iona l  r a t e s  ( see  
r e f .  1 2 ) :  

p = cp - 3 s i n  e 

1 q = e cos cp + 3 cos e s in  cp 

The r e l a t i v e  veloci ty  and the components of r e l a t i v e  veloci ty  a re  r e l a t ed  
through the s i d e s l i p  angle and the angle of a t tack .  By def in i t ion ,  

and (7) 



A s  a r e s u l t  of equations ( 7 ) ,  t h e  relat ive-veloci ty  components and t h e i r  
time der ivat ives  a re :  

v = V s i n  p 

u = v cos p cos a 

w = V cos p s i n  a 

+ = + s i n  B + V; cos p 

fi = i cos p cos a - v(; s i n  p cos a + 6 cos p s i n  a )  

. -  w = v cos p s i n  a - v(; s i n  p s i n  a - & cos p cos a) 

In  general, the  landing gear will def l ec t  and bend as the  loads on the  gear 
vary during landing and s l ideout .  
def lect ion c m  be re la ted  t o  the v e r t i c a l  veloci ty  of the  center of gravi ty  as 
shown i n  appendix A. The r e s u l t s  of appendix A are  used t o  determine the  gear 
def lect ion which i s  re la ted  t o  the  gear loading. 
re la t ionship  between the t o t a l  v e r t i c a l  def lect ion and gear loading i s  t o  conduct 
t e s t s  of the ac tua l  hardware. 
def lec t ion  can be found. In  addition, t he  moment m s  from the  center of grav i t j  
t o  the  skids can be corrected as the  gear de f l ec t  and bend. 

The r a t e  of change of t o t a l  v e r t i c a l  gear 

One method of determining the 

Thus, the  gear loading which causes a specif ic  

The v e r t i c a l  ve loc i ty  zo of the  center  of grav i ty  i s  re la ted  t o  t he  
vehicle geometry and rate of v e r t i c a l  def lect ion of t h e  gear by equations (A3) 
and (Ab) and t o  the  re la t ive-ve loc i ty  components by ( see  ref. 13) : 

zo = -u s in  0 + v s i n  cp cos 0 + w cos cp cos 0 (9: 

The angle of a t tack  i s  re la ted  t o  the  v e r t i c a l  ve loc i ty  of the  center of 
gravi ty  by 

where y ,  re fer r ing  t o  the  vehicle a t t i t ude ,  i s  expressed as 

-1 zo y = s i n  v cos p 

14 



Additional equations are required i f  the e l a s t i c i t y  of the  vehicle s t ruc-  
These ture ,  as well as t h a t  of t he  landing gear, i s  t o  be taken i n t o  account. 

e l a s t i c  conditions are not considered i n  t h i s  paper. 

Simplified Slideout Equations for a Vehicle With 
Three Skid-- Landing Gear 

A prac t i ca l  approximation t o  the  equations of motion presented i n  the  pre- 
ceding section may be obtained from t h e  assumptions t h a t  the vehicle has r i g i d  
gear during s l ideout  and t h a t  a l l  skids must remain i n  contact w i t h  the ground 
at  a l l  t i m e s .  These assumptions a re  va l id  i f  (1) the vehicle i s  s l id ing  on a 
f l a t  surface, (2)  t h e  i n i t i a l  landing-impact o sc i l l a t ions  have been damped, and 
(3) gear def lec t ions  r e su l t i ng  from a l l  other inputs  are negl igible .  

The above assumptions imply t h a t  the  r o l l  and p i t ch  r a t e s  must be zero; 
therefore,  the  roll and p i t ch  a t t i t u d e s  remain constant. In  addition, since it 
has been assumed t h a t  the  vehicle i s  symmetrical about the x-z plane and t h a t  
t he  geometry of the  main gear i s  ident ical ,  the  roll angle must be zero. These 
physical r e s t r a i n t s  on the vehicle a t t i t u d e  during s l ideout  are  s t a t ed  as 

6 = 0, c p = o  

and 

0 = constant, cp = constant = 0 

The symmetry of the  vehicle and the  assumption of r i g i d  gear a l s o  imply 
t h a t  

dl = d2 

and 

Since the center  of gravi ty  cannot have any v e r t i c a l  motion as a result of 
the previously s ta ted  assumptions, and i f  it i s  assumed t h a t  any ex is t ing  wind 
blows p a r a l l e l  t o  t h e  ground plane, the ve loc i ty  of the  vehicle r e l a t i v e  t o  the 
airstream during s l ideout  w i l l  be p a r a l l e l  t o  t h e  ground plane. Consequently, 
equation (10) becomes 

1 a = 8 = constant 

and 



The substitution of equations (5), (6), and (8) into the equilibrium 
equations (3) yields, upon the application of equations (12) to (14), the 
following equations for the slideout of a vehicle with a tricycle, rigid, skid- 
type landing-gear system: 

v2 
+ (pl COS e COS hl - sin 0 ) F~ + (pl cos 0 cos 

+ (pN cos 0 cos hN - sin 6)F 

- sin e ) ~  

+ W sin 0 = 0 
vN 

+ $byr$ cos 0 - cy $ sin 0 + %.b)] + p1 sin 1 F v1 

+ p1 sin X2Fv2 + pN sin h F 

P B 

= 0 
N vN 

+ (pl sin 0 cos hl + cos 0 ) ~ ~ ~  + (pl sin 0 cos h2 + cos e ) ~ ,  
2 

+ (% sin 0 cos % + cos 0 F~~ - w cos 0 = o ) 

- [pl(S+ sin 0 cos h2 - dl sin k )  + S+ cos 0 F 1 v2 
+ sin A$' = 0 vN 
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( 6 h h  
+ p v  1 2  SE c, 6 + % + %e + SB) 

s i n  e - p1 COS e COS hl cos 8 + p1 s i n  8 cos hl 

COS 8 + p1 s i n  8 cos + + [dl(sin 8 - p cos 8 cos h2 1 

+ [dN (sin 8 - pN cos e cos AN) + ZN(c0s e + p~ s i n  8 cos h)] FvN = 0 (15e) 

b + -(cnr$ cos e - c 4 s i n  e + c .B 
2v “p nP 

The trigonometric r e l a t i o n s  f o r  hl, h2, and hN are  derived i n  

appendix B. 
the angles as functions of re la t ive  velocity, sideslip angle, and body yaw ra te .  
Thus, t h e  s ix  simplified s l ideout  equations (15) are i n  terms of s ix  variables:  

These r e l a t ions ,  given by equations (Bl) , (a), and (Bg) , y ie ld  

v, B, 3, Fvl, Fve, and Fv” 

Simplified Slideout Equations f o r  a 
Vehicle i n  a Low Pi tch Atti tude 

The equations of motions f o r  s l ideout  can be fu r the r  simplified if the  
vehicle i s  i n  a low p i t ch  a t t i t ude ,  t h a t  is, low angle of a t tack.  Since the  
p i t ch  angle i s  s m a l l ,  t he  following s implif icat ions can be used: 

1. The trigonometric r e l a t i o n s  m a y  be wr i t ten  as 



2. The z-component of r e l a t i v e  veloci ty  i s  small campared t o  t h e  x- and 
y-components. Therefore, 

w = o  

I ; = 0  

3. Retaining only s igni f icant  terms, equations (6) and t h e i r  der ivat ives  
become f o r  t he  s l ideout  condition 

p = o  - i , = O  

q = o  q = o  
i 

If the  above s implif icat ions a r e  applied t o  t h e  basic s l ideout  equations 
(l?), they become: 

+ pN s i n  A ~ ) F ~ ~  = o ( 



r 1 

Equations (16), upon appl icat ion of the  trigonometric r e l a t ions  f r q  
equations (Bl) , (B8) , and (B10) , can be solved, yielding equations f o r  V, 
and ?. Because of t h e  complexity of t he  resu l t ing  nonlinear d i f f e r e n t i a l  
equations, numerical methods a r e  used t o  obtain a solution. The f i n i t e -  
difference technique described i n  reference 14 was used. I n i t i a l  conditions 
and equations f o r  determining the  s l ideout  dis tance a r e  given i n  appendix C .  

6 ,  

RESULTS AND DISCUSSION 

I The s l ideout  dynamics of a space vehicle equipped with a t r i c y c l e  skid-type 
landing-gear system are presented i n  the  basic  equations ( 3 ) .  These equations 
describe the  general  motion of t h e  vehicle during slideout,  including ro l l ing ,  
pitching, and y a w i n g  motions, var iable  aerodynamics, and variable coef f ic ien ts  
of f r i c t i o n .  Additional motion caused by s t ruc tu ra l  f l e x i b i l i t y  of the  landing 
gear i s  considered i n  appendix A. The basic  equations are simplified t o  three  
degrees of freedom i n  equations (15) if the  vehicle has r i g i d  gear and i f  a l l  
skids remain i n  contact with the  ground a t  a l l  times during s l ideout .  These 



simplifying assumptions can be ver i f ied  from model t e s t s  f o r  vehicles of various 
configurations.  
and coupled motion, can be reduced i f  t h e  vehicle i s  a t  a l o w  angle of a t t a c k  
during s l ideout  as presented i n  equations (16).  The general motion equations (3) 
can be used t o  pred ic t  t h e  s l ideout  cha rac t e r i s t i c s  as well as t h e  s t a b i l i t y  and 
con t ro l l ab i l i t y  of t h e  vehicle during s l ideout .  Equations (13) and (16) have 
been derived by assuming that the  vehicle i s  inherent ly  stable,  that is, it w i l l  
not p i t ch  o r  roll. These equations can be used t o  predict  s l ideout  character-  
i s t  i c  s and c o n t r o l l a b i l i t y  . 

The complexity of equations (15), as a result of nonl inear i ty  

I n  order t o  ascer ta in  the  v a l i d i t y  of t he  theore t ica l  investigation, r e s u l t s  
of calculat ions performed f o r  equations (16) are compared t o  experimental s l i de -  
out data obtained from t h e  X-15 research vehicle.  
s l ideout  i n  figure 3. 
using the  geometry and aerodynamic coef f ic ien ts  of t he  X-13 l i s t ed  i n  t h e  
following t ab le  : 

The X-15 i s  shown during 
Numerical calculat ions were made on a d i g i t a l  computer, 

G e  ome t r y  

b = 22.36 ft 
5 = 10.30 f t  

d l  = 5.184 f t  

d2 = 5.184 f t  

dN = 3.583 f t  

2 1  = 13-90 f t  

i2 = 15.90 f t  

z N  = 23.20 ft 
s = 200 sq f t  

 SA^ = 5.10 f t  

s4 = 5.10 f t  

F~ = 0.28 

e = -2.35' 
% = 0.04 

Aerodynamics 

CD = 0.120 where 6h = 0" 

= 0.105 per radian 

CL = -0.050 where = 0' 

C L ~ ~  = 0.975 per radian 

C l r  - Cz; = -0.020 per radian 

C z p  = 0.023 per radian 

C = 0.097 per radian 

= 0.032 per radian 

CDGh 

'ba 

c2 s, 
cm, i s a  = 0.050 per radian 

Considered negl igible  

= -1.320 per radian 
%'h 
Cnr - C$ = -1.350 per radian 

Cq = 0.280 per radian 

C = 0.077 per radian 

C = -0.149 per radian 

Cyr - CY; Considered negl igible  

n6a 

n% 

= -1.140 per radian 

= -0.100 per radian cy sa 
cy'v = 0.240 per radian 
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Figure 3. -  Attitude of X-15 airplane during slideout (photo taken from motion-picture sequence). 

Posi t ive d i r ec t ions  f o r  the aero- 
dynamic coe f f i c i en t s  a re  shown i n  
f igure  4. Equations (16) a r e  made 
more amenable t o  calculat ion pro- 
cesses by assuming t h a t  during 
s l ideout  a l l  aerodynamic der ivat ives  
and the  coe f f i c i en t s  of f r i c t i o n  are 
constant. I n  addition, t he  products 
of i n e r t i a  of the  X-17 airplane are 
negl igible  compared t o  the moments of 
i n e r t i a .  The trigonometric r e l a t ions  
given i n  appendix B are va l id  f o r  the 
main gear; however, a f u l l y  caster ing 
nosewheel which d i n e s  i tself  t o  the 
d i rec t ion  of r e l a t i v e  motion of the  
center of g rav i ty  i s  used on the X-13. 
Thus, f o r  the  nose gear, the  angle 
AN i s  approximately equal t o  the 
s i d e s l i p  angle @. 

Numerical ca lcu la t ions  were made 
by u t i l i z i n g  s l ideout  da ta  from the  
X-13 research vehicle.  
selected i n  which the  p i l o t  varied the  
cont ro l  posi t ions during the  s l ideout  
t o  determine the  effect of control  
inputs  on the  s t a b i l i t y  and s teer ing 
capab i l i t i e s .  The time h i s t o r i e s  of 
a i leron,  horizontal  ta i l ,  and ve r t i ca l -  
t a i l  def lec t ions  from t h i s  f l i g h t  are 

A f l i g h t  w a s  

Y 

X 

Figure 4. - Positive sense for coordinate system, 
aerodynamic coefficients, and control deflections. 
Arrows indicate positive sense. 
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shown i n  figure 5 .  
changes, it was necessary t o  approximate the control  inputs as shown by the  
dashed l i n e s  i n  t h e  f igure .  

Since the d i g i t a l  program could not accept continuous cont ro l  

4,  

I 4, 
1 

-1 I 

I 

1. 5ec 

Figure 5. - Time histories of  control deflections. 

Resul ts  of the  calculat ions are compared w i t h  the  f l i g h t  data i n  f igure  6 
as the  var ia t ion  of l a t e r a l  displacement from the i n i t i a l  heading at touchdown 
with the s l ideout  dis tance.  The control  inputs  given i n  figure 5 produce the  
perturbations i n  the lateral  displacement shown i n  f igure 6. 
t he  curves of figure 6 indicate  the t i m e  during slideout by which the control  
inputs  and la teral  displacements can be correlated.  

I 
l a t e r a l  displacement during slideout can be predicted reasonably w e l l  by ' equations (16). 

I an ac tua l  s l ideout  time of approximately 20 seconds. However, i n  f igure  5 it 
can be seen t h a t  there  were no recorded control  inputs t o  change the heading 
during t h i s  port ion of the s l ideout .  
var ia t ion  i n  the  lakebed surface on which the X-15 lands. 

The numerals along 

Cmparison of the  calculated 
r e s u l t s  and f l i g h t  data ind ica tes  t h a t  the  e f f e c t s  of control  inputs on the 

One heading change not predicted by t h e  calculat ions occurred a t  

This displacement w a s  probably caused by a 

In  addi t ion t o  the  e f f e c t s  of cont ro l  inputs on slideout,  it can be seen 
from figure 6 t h a t  the  calculated s l ideout  distance i s  6,863 feet, which i s  

displacement i s  117 feet, which i s  19 percent less than the ac tua l  value. 
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I 5 percent grea te r  than the  ac tua l  s l ideout  distance,  and the  calculated lateral 
These 
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Lateral 
displacement, 

ft 

r e su l t s  

I60 

3o LcF--J i" 
p"' - Calculated 140 - 
/ 

120 - 

100 - 
Tim P m  touchdown, ~ B C  

80 - 

60 - 

40 - 

20 - 

5 

I I I 1 I I I 1 

Slideout distance, ft 
1000 2000 3Ooo 4000 5000 6000 7(  

-200 

Figure 6. - Variation of lateral displacement with S I  ideout distance. 

show t h a t  the three-degree-of-freedom slideout analysis  represented by 

I I I 1 I I I 1 

Slideout distance, ft 
1000 2000 3Ooo 4000 5000 6000 7(  

-2oi 

Figure 6. - Variation of lateral displacement with S I  ideout distance. 

show t h a t  the three-degree-of-freedom slideout analysis  represented by 
equations (16) adequately predicts  t he  sl ideout distance, the d i rec t ion  of l a t -  
e r a l  deviations, and the  magnitude of l a t e r a l  displacement of the  vehicle. 

Several f ac to r s  omitted from consideration i n  the  calculat ions were: 
var ia t ions i n  the  aerodynamic der ivat ives  and the  coeff ic ients  of f r i c t ion ;  the 
e f f ec t  of ground plane on the aerodynamic derivatives;  the osc i l l a t ions  of the 
vehicle during the  landing impact; and deviations from the  i n i t i a l  heading, 
although no in ten t iona l  control inputs a r e  made. 
ence of these fac tors  on the  sl ideout i s  beyond the scope of t h i s  paper. 

A detai led study of the inf lu-  

The effect iveness  of l a t e r a l  control inputs on the sl ideout i s  seen i n  the 
l a t e r a l  displacement which i s  achieved. 
ness f o r  one a i le ron  se t t ing  f o r  the X-13 a re  presented i n  f igure 7. 
displacement i s  shown i n  the f igure as a function of the veloci ty  a t  which a 
control i s  removed during the sl ideout.  
t h a t  l 5 O  of a i le ron  control  are  applied immediately a t  a touchdown velocity of 
200 knots. 
control posi t ion i s  neutralized; t h a t  is, the point a t  zero indicates  t ha t  the 
control i s  not removed during the sl ideout,  whereas the point a t  200 knots indi-  
cates  t h a t  the control  i s  removed immediately at touchdown. Figure 7 shows t h a t  
i f  the control  input i s  not removed u n t i l  the  vehicle has decelerated t o  about 
100 knots, there i s  negligible effect  on the l a t e r a l  displacement; however, if 
the control  i s  removed immediately a f t e r  touchdown, or before the vehicle has 

The r e s u l t s  of a study of the e f fec t ive-  
The l a t e r a l  

The calculations were performed assuming 

The abscissa of figure 7, therefore, i s  the velocity at  which the 
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decelerated t o  about 100 knots, the  e f f e c t  on the  lateral  displacement i s  s ign i f -  
i can t .  
between the touchdown ve loc i ty  and 100 knots. Thus, the aerodynamic influence or 
the vehicle as indicated by the  cont ro l  effect iveness  becomes negl igible  at  about 
100 knots . 

These r e s u l t s  indicate  t h a t  the  e f f e c t  of control  inputs  i s  grea tes t  

Lateral 
displacement, 

f l  

Control-removal velocity, knots 

Figure 7 .- Lateral displacement as a function of the velocity at 
which an aileron deflection of 15" is removed. 

CONCLUDING FGNARKS 

A theo re t i ca l  analysis  has been presented f o r  the  s l ideout  dynamics of a 
vehicle equipped with a t r i c y c l e  skid-type landing-gear system. The general 
s l ideout  equations were reduced t o  three degrees of freedom, and calculat ions 
were made with these equations i n  order t o  compare the theore t ica l  s l ideout  with 
f l i g h t - t e s t  da ta  and t o  study the effect iveness  of aerodynamic controls  on the  
l a t e r a l  displacement during s l ideout .  

The r e s u l t s  of t h e  invest igat ions ind ica te  t h a t  t he  three-degree-of-freedom 
equations adequately predict  s l ideout  distance,  t he  d i rec t ion  of l a t e r a l  d i s -  
placement, t he  approximate l a t e r a l  displacement, and the  veloci ty  a t  which the  
aerodynamic influence on the  vehicle becomes negl igible .  

F l igh t  Research Center, 
National Aeronautics and Space Administration, 

Edwards, Calif., March 1, 1963. 

24 



APPENDIX A 

DETERMINATION OF LANDING-GEAR DEFLECTION 

The v e r t i c a l  distances from the ground plane of the center of gravi ty  and 

Since the r a t e  of change of height of the main gear point of attachment 
with respect t o  the ground i s  equal t o  the rate of gear v e r t i c a l  deflection, ~ 

l t h a t  is, 

I 

I 

I 

1;; = 6M* 

I ' the following r e l a t i o n  i s  valid:  

i' % = io - 1% cos 0 - (d cos cp + S2 s i n  cp s i n  8 8 

cos cp - d s i n  

I The r a t e  of v e r t i c a l  def lect ion f o r  t h e  l e f t  main gear  is: 

L - 
cos cp - S1 s i n  

+ (Sl cos cp + d s i n  cp @ cos 0 ) 



APPENDIX B 

TRIGONOMETRIC RELATIONS FOR THE ANGLE h 

The angle i n  the ground plane between the xo-axis and the f r i c t i o n  force on 
a skid i s  denoted by h i  where the subscript i indicates the skid being con- 
sidered ( see  f i g .  1). 
p a r a l l e l  and opposite t o  the direct ion of the velocity of the skid r e l a t i v e  t o  
the ground. If the magnitude of the skid veloci ty  i s  known, it i s  possible t o  
determine the trigonometric re la t ions  f o r  the h i  angles. 

The f r i c t i o n  force on each skid w i l l  be i n  a d i rec t ion  

The r e l a t i v e  veloci ty  of any posit ion on a vehicle as measured i n  the 
ground plane i s  expressed as: 

The ground veloci ty  components VLo and V i o  a r e  re la ted  t o  body axes by 

where 

Vxi I = u I + qZi - ryi 

I = v I + r x i  - pzi  'Yi 

The components of the r e l a t i v e  veloci ty  of the center of gravity a re  denoted 
by the primed quant i t ies .  In  order t o  determine these veloci t ies ,  it i s  f i r s t  
necessary t o  investigate the re la t ionship  of the vehicle r e l a t i v e  velocity, 
center-of-gravity r e l a t i v e  velocity,  and wind velocity, which i s  
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where 

V 
- 

i s  the velocity vector of t he  vehicle center of gravi ty  r e l a t i v e  t o  the 
airstream 

-I 
V i s  the  veloci ty  vector of t h e  vehicle center of gravi ty  r e l a t i v e  t o  the  

ground 
- 
Vw i s  the  velocity vector of the wind r e l a t i v e  t o  t h e  ground 

Assume t h a t  a wind of constant velocity Vw i s  blowing a t  a constant angle 

Jrw t o  t he  i n i t i a l  heading X and p a r a l l e l  t o  t he  ground plane. Then, t he  wind 

components i n  the fixed-earth system a re :  

yqo = vw cos Jrw 

vwo = Vw s i n  Jrw 

Transformation of these ve loc i t i e s  t o  body coordinates (see fig. 2) yields:  

uw = (so cos ~r + vw s i n  ~r cos e 
0 ) 

%O ) ( 0  0 ) vw = (vwo cos Jr - 

cos Jr + vw s i n  Jr s i n  8 cos cp - bwo cos Jr - ww = (so 0 ) 

s i n  Jr cos cp + cos Jr + vw s i n  Jr s i n  8 s i n  cp 

The components of wind velocity given by equations (E6) and the  components 

given by equations (8) a r e  used i n  equation (B4) t o  determine t h e  primed of 
ve loc i t i e s  as follows: 

v 

ut = [v cos p - vw cos qw cos + + s i n  qw s i n  ,,l,,s e ( 
vw [(sin qw cos Jr - cos Jrw s i n  + cos cp ) v' = v s i n  p - 

vw[(cos qw cos + + s i n  JtT s i n  9 s i n  e cos cp ) w' = v cos p s i n  e - 

( B 7 )  1 + cos Jrw cos Jr + s i n  Jrw s i n  Jr s i n  0 s i n  cp ( ) 

- ( s in  ~r~ cos ~r - cos qW s i n  ~r s i n  cp ) I  



The ve loc i t i e s  given by equations (Bl) and (B2) are used t o  determine the 
trigonometric r e l a t ions  for hi, which are: 

("0)i 
cos hi = 

("G ) i 

(%O) s i n  hi = - 
(VG) i 

For t h e  s l ideout  of t h e  vehicle represented by equations (l?), t h e  veloci ty  
re la t ions  given by equations (B2)  become: 

= v cos p - 'iyi - vW(cos $w cos $ + s i n  $w s i n  q) 

= v s i n  B + 

' Pko)i 
(B9) 

xi cos e + zi s i n  0) - vw(sin $w cos ~r - cos $w s i n  9) 
(v;.O)i I 

For t h e  s l ideout  of a vehicle i n  low pi tch  a t t i tude ,  equations (B2) become: 

( = v s i n  p + hi - vw s i n  $w cos $ - cos $w s i n  $) ) 



APPENDIX c 

INITIAL CONDITIONS AND CALCULATIONS OF EUIER YAW ANGLE, 

SLIDEOUT DISTMCE, AND LATEIIAZ, DISTANCE 

The f i r s t  der ivat ive of V, B, and r with respect t o  time can be wr i t ten  
i n  the  form of the parabolic-difference equations of reference 14 as 

where 
E i s  the length of the time increment 

n i s  the time in t e rva l  being considered 

By designating the  touchdown increment by n = 0, the conditions immediately 
a f t e r  touchdown are  dependent upon the conditions p r io r  t o  and a t  touchdown. 
The conditions a t  touchdown are  selected a r b i t r a r i l y .  It i s  assumed for the  
numerical example t h a t  the vehicle has a s ides l ip  angle due only t o  a deviation 
i n  wind d i rec t ion  from the vehic le ' s  i n i t i a l  heading and tha t  the vehicle has no 
i n i t i a l  ro t a t iona l  r a t e s .  It i s  fur ther  assumed t h a t  these conditions hold 
immediately p r io r  t o  touchdown. These conditions, together with the ve loc i ty  
initial condition, are expressed as: 

' 0  = 'touchdown 

r o = r  = O  -1 

It i s  a l so  assumed t h a t  the vehicle i s  decelerat ing l i nea r ly  from a time 
pr ior  t o  touchdown t o  a t i m e  a f t e r  touchdown. Then Vml becomes: 

v-, = 2vo - v1 



The equations f o r  the E u l e r  yaw angle, sl ideout distance, and l a t e r a l  
distance from i n i t i a l  heading, obtained by the use of the trapezoidal-difference 
techniques of reference 1 4  are: 

The angle f3' 
r e l a t ive  veloci ty  of the center of gravi ty  i n  the ground plane. 

i s  measured i n  the ground plane between the xo-axis and the 
The angle i s  

determined by 

where r e fe r r ing  t o  equations (12), (E), and (B3), 

I V; = u COS e + wf s in  e 
On 

I I = v  
'YO, 

and VG i s  given by equation (Bl) . 
n 
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